We characterized Salmonella enterica serovar Typhi isolates from Bangladesh, Indonesia, Taiwan, and Vietnam to investigate their genetic relatedness and antimicrobial resistance. The isolates from Bangladesh and Vietnam were genetically closely related but were distant from those from Indonesia and Taiwan. All but a few isolates from Indonesia and Taiwan were susceptible to all antimicrobials tested. The majority of isolates from Bangladesh and Vietnam were multidrug resistant (MDR) and belonged to the widespread haplotype H58 clone. IncHI1 plasmids were detected in all MDR S. Typhi isolates from Vietnam but in only 15% of MDR isolates from Bangladesh. Resistance genes in the majority of MDR S. Typhi isolates from Bangladesh should reside in the chromosome. Among the isolates from Bangladesh, 82% and 40% were resistant to various concentrations of nalidixic acid and ciprofloxacin, respectively. Several resistance mechanisms, including alterations in gyrase A, the presence of QnrS, and enhanced efflux pumps, were involved in the reduced susceptibility and resistance to fluoroquinolones. Intensive surveillance is necessary to monitor the spread of chromosome-mediated MDR and fluoroquinolone-resistant S. Typhi emerging in Bangladesh.
digestion of each sample. PFGE images were recorded digitally in tiff file format, using a Gel Logic 212 Pro imaging system (Carestream Health Inc., Rochester, NY). A previously described multilocus variable-number tandem-repeat analysis (MLVA) protocol (22) was used to characterize the S. Typhi isolates. To investigate the phylogenetic relationships among the 19 S. Typhi strains described by Holt et al. (23) and the prevalent MDR strains from Bangladesh and Vietnam, two MDR strains from Bangladesh, Bd1380 (antibiogram type A11) and Bd1980 (type A2), were subjected to whole-genome sequencing using the Ion Torrent platform, which was performed by a local biotechnology company. The sequence data from the reads provided over 200ϫ coverage of the S. Typhi genome.
Genotyping data analysis. PFGE images were analyzed using the fingerprint analysis software BioNumerics, version 6.6 (Applied Maths, Kortrijk, Belgium). The number of repeats for each allele of the variablenumber tandem repeats (VNTRs) was converted from the amplicon size and saved as "Character Type" in the BioNumerics database. A dendrogram was constructed using composite data sets of PFGE-XbaI patterns and MLVA5 profiles in a 1:1 weight ratio. MLVA5 was based on a panel of five slowly evolving VNTRs: Sty2, Sty3, Sty20, Sty39, and Sty42. The 1,787 single-nucleotide polymorphisms (SNPs) used for phylogenetic analysis were identified from the sequence reads for strains Bd1380 and Bd1980, according to the method described in the study of Holt et al. (23) . The phylogenetic relationships among strains were constructed using 1,787 SNPs and the unweighted-pair group method using average linkages (UPGMA).
AST. S. Typhi isolates were subjected to antimicrobial susceptibility testing (AST) with 14 antimicrobials, using the broth microdilution method and custom-made 96-well Sensititre MIC panels (Trek Diagnostic Systems Ltd., West Grinstead, England). The test procedure was performed according to the manufacturer's instructions. The 14 antimicrobials included ampicillin, aztreonam, cefotaxime, ceftazidime, chloramphenicol, ciprofloxacin, gentamicin, kanamycin, imipenem, nalidixic acid, streptomycin, sulfamethoxazole, tetracycline, and trimethoprim. The 2013 Clinical and Laboratory Standards Institute (24) interpretive criteria were used, except in the case of streptomycin, for which MICs of м64, 32, and Ϲ16 g/ml were defined as thresholds for resistant, intermediate, and susceptible results, respectively.
Detection of resistance genes and the IncHI1 plasmid. Previously described PCR protocols were applied to detect the resistance genes bla TEM-1 , catA1, strA-strB, sul1, tetA(B), dhfrA7 (25) , sul2, and tetA (26) and the IncHI1 plasmid (27) . The method of Kado and Liu (28) was used to analyze plasmid profiles of MDR S. Typhi isolates. Southern hybridization was performed on the MDR S. Typhi isolates from Bangladesh, following the protocol of a DIG High Prime DNA labeling and detection starter kit (Roche).
Characterization of nalidixic acid and ciprofloxacin resistance mechanisms. To characterize the mechanisms of nalidixic acid and ciprofloxacin resistance in the 38 S. Typhi isolates from Bangladesh, mutations in the quinolone resistance-determining regions (QRDRs) of the gyrA, gyrB, parC, and parE genes and the presence of qnrA, qnrB1, qnrB4, qnrD, and qnrS were analyzed, and the effect of the efflux pump on nalidixic acid and ciprofloxacin resistance was assessed using the efflux pump inhibitor phenylalanine-arginine ␤-naphthylamide (Pa␤N). The primers described by Kim et al. (29) were used for PCR amplification and DNA sequencing of the gyrase and topoisomerase IV genes and for PCR detection of the qnr genes. The effect of the efflux pump on resistance was determined by comparing MICs of nalidixic acid and ciprofloxacin in either the presence or absence of 25 g/ml Pa␤N, using Sensititre MIC panels (30) . Clonal relationships among isolates. The genetic relatedness among the S. Typhi isolates was assessed based on PFGE patterns and MLVA5 profiles resulting from an analysis of 5 less-variable VNTRs (Sty2, Sty3, Sty20, Sty39, and Sty42) (22) . The dendrogram in Fig. 1 was constructed using the composite of PFGE patterns and MLVA5 profiles in a 1:1 weight ratio. Four distinct clusters, A, B, C, and D, were formed from 171 of the 180 isolates. The clusters were correlated with countries of origin and distinct levels of antimicrobial resistance. Isolates in cluster A were primarily from Taiwan and were susceptible to all antimicrobials tested or resistant to only one single agent (Fig. 1 ). Isolates in cluster B comprised isolates from Bangladesh and Vietnam, and 85% (67/79 isolates) of the isolates were MDR. Twenty-nine (74%) of the isolates from Bangladesh and 49 (96%) from Vietnam were located in cluster B. Cluster C consisted of 15 isolates from Taiwan, 4 from Bangladesh, 4 from Indonesia, and only 1 from Vietnam. The isolates from Taiwan and Indonesia were pan-susceptible, while those from Bangladesh and Vietnam were either MDR or resistant to nalidixic acid. The isolates in cluster D were primarily from Indonesia and Taiwan, and the majority were susceptible to all antimicrobials tested.
RESULTS

Antimicrobial
Phylogenetic analysis. The phylogenetic relationships among the strains were established using 1,787 SNPs and UPGMA. As shown in Fig. 2 , strains Bd1380 and Bd1980 were most closely related to strains with haplotype H58.
Resistance patterns and resistance genes. A total of 15 antibiogram types were discovered for the 180 S. Typhi isolates ( Table  2) . Twelve types (A1 to A6 and A9 to A15), comprising 71 isolates, The genes bla TEM-1 , catA1, strA-strB, sul1 and sul2, tetA and tetA(B), and dfrA7 contributed primarily to resistances of the S. Typhi isolates to ampicillin, chloramphenicol, streptomycin, sulfamethoxazole, tetracycline, and trimethoprim, respectively (Table 2). Exceptions were that chloramphenicol resistance in the isolates with antibiograms A1 and A14 was not mediated by catA1, streptomycin resistance in isolates with types A3 and A14 was not attributed to strA-strB, and trimethoprim resistance in isolates with type A1 was not caused by dfrA7. IncHI1 plasmids were detected in 15.4% (4/26 isolates) of MDR isolates from Bangladesh and 100% (42/42 isolates) of MDR isolates from Vietnam. The isolates with types A5 and A9 shared the same set of resistance genes [bla TEM-1 , catA1, strA-strB, sul1, tetA(B), and dfrA7] for ACSSuT and trimethoprim. The isolates with types A2, A6, and A11 did not harbor any IncHI1 plasmid but shared the same set of resistance genes (bla TEM-1 , catA1, strA-strB, sul1, sul2, and dfrA7) for resistance to ampicillin, chloramphenicol, streptomycin, sulfamethoxazole, and trimethoprim.
Using the method of Kado and Liu for plasmid profile analysis, no plasmids were detected in the MDR S. Typhi isolates having antibiogram types A2 and A11. Southern hybridization analysis using a PCR-amplified DNA fragment of bla TEM-1 as a probe indicated that the resistance gene was located on plasmids for the MDR S. Typhi isolates from Bangladesh with antibiogram types A3, A4, A5, and A9 but was located on the chromosome for those with types A2, A6, and A11.
Characterization of nalidixic acid and ciprofloxacin resistance mechanisms in isolates from Bangladesh. The 38 isolates from Bangladesh were categorized into the following 5 ciprofloxacin susceptibility groups: a susceptible group, with MICs of Յ0.03 g/ml; a group with reduced susceptibility, with MICs of 0.12 to 0.5 g/ml; and resistant groups, with MICs of 4 g/ml, 8 g/ml, and 16 g/ml ( Table 3 ). The isolates with reduced susceptibility to ciprofloxacin were resistant to nalidixic acid (MICs of 128 to 256 g/ml), and the trait of resistance was associated with a mutation in gyrase subunit A (S83F, S83Y, or D87N) and enhanced activity of the efflux pump for nalidixic acid. The isolates with a ciprofloxacin MIC of 4 g/ml were highly resistant to nalidixic acid (MICs of Ն256 g/ml), and the resistance was associated with a mutation (S83Y) in gyrase A, the presence of qnrS, and enhanced activity of the efflux pumps for ciprofloxacin and nalidixic acid. The isolates with ciprofloxacin MICs of 8 and 16 g/ml also displayed high nalidixic acid resistance (MICs of Ͼ256 g/ml), carried two mutations (S83F and D87G) in gyrase A and one mutation (E92K) in topoisomerase IV, and showed enhanced efflux pump activity for nalidixic acid. The isolates with a ciprofloxacin MIC of 16 g/ml also showed enhanced efflux pump activity for ciprofloxacin.
DISCUSSION
We compared the genotypes and antimicrobial susceptibility patterns of S. Typhi isolates from four Asian countries (Bangladesh, Indonesia, Taiwan, and Vietnam) and revealed that the majority of isolates from Bangladesh and Vietnam are genetically closely related but are distant from those from Indonesia and Taiwan. The majority of isolates from Bangladesh and Vietnam are MDR and have developed resistance to nalidixic acid (Table 1 ). All MDR strains from these two countries fall into a common genetic group (Fig. 1) . SNP analysis indicates that these MDR S. Typhi strains should belong to haplotype H58 (23) . The H58 clone typically shows reduced susceptibility to fluoroquinolones and has spread widely over the Indochina Peninsula, the Indian subcontinent, and Africa (18-20, 23, 31) but is not prevalent in Indonesia (32) .
The MDR S. Typhi isolates from Bangladesh and Vietnam were resistant primarily to ACSSuT and trimethoprim (Fig. 1) . The resistances to the 6 drugs were associated with the resistance genes bla TEM-1 , catA1, strA-strB, sul1, sul2, tetA, tetA(B) , and dfrA7, which are frequently carried on IncHI1 plasmids (13) . This plasmid type is frequently associated with globally spread MDR S. Typhi and MDR S. Paratyphi A (15, 16) . In this study, all MDR isolates and a tetracycline-resistant isolate from Vietnam carried IncHI1 plasmids, whereas only 4 of the 26 MDR isolates from Bangladesh carried an IncHI1-type plasmid (Table 2 ). IncHI1 plasmids were not detected in the isolates with MDR patterns A2, A3, A4, A6, and A11, which were identified in the isolates from Bangladesh. The resistance genes may have been carried on other incompatibility plasmids (14) . However, the isolates with types A2 and A11 were not observed to be associated with any plasmid, as analyzed using the method of Kado and Liu (28) , indicating that the resistance genes were chromosomal. Southern hybridization analysis using bla TEM-1 DNA as a probe supported the plasmid analysis findings and revealed that the MDR genes in the type A2, A6, and A11 isolates were carried on the chromosome.
Resistance to quinolones and fluoroquinolones in bacteria may result from alterations in target enzymes (DNA gyrase and topoisomerase IV), target protection by Qnr proteins, and/or decreased intracellular accumulation of antimicrobials mediated by enhanced efflux pump activity and a decrease in cell membrane permeability (33) . A high level of resistance to the drugs may require multiple amino acid changes in gyrase and topoisomerase IV, in addition to combinations of other mechanisms, including changes in active efflux pumps and porins and acquisition of Qnr proteins (10, 34, 35) . In this study, the S. Typhi isolates from Bangladesh displayed resistance to various concentrations of nalidixic acid and ciprofloxacin, mediated by combinations of several resistance mechanisms (Table 3 ). Resistance to nalidixic acid was associated with alterations in gyrase and an enhanced efflux pump activity for nalidixic acid. Mutations in gyrase A may also result in a reduced susceptibility to ciprofloxacin (MIC ϭ 0.125, 0.25, or 0.5 g/ml). The resistance to ciprofloxacin at 4 g/ml in 4 isolates was associated with a single mutation in gyrase A, the presence of the QnrS protein, and an enhanced efflux pump activity for ciprofloxacin. Two amino acid substitutions in gyrase A and a substitution at topoisomerase IV are likely required for resistance to ciprofloxacin at 8 g/ml, and an enhanced efflux pump activity is additionally required for resistance to ciprofloxacin at 16 g/ml. With respect to fluoroquinolone resistance, mutations in parC typically occur at codons 57, 66, and 80 (36) ; the role of the mutation at codon 92 (encoding an E92K mutation) in fluoroquinolone resistance requires further investigation. These complicated mechanisms suggest that the quinolone-and fluoroquinolone-resistant strains in Bangladesh emerged independently of one another, although they are genetically closely related. Typhoid fever is rare in Taiwan, a country with a population of 23 million. From 2000 to 2013, 19 to 80 cases were confirmed each year, and at least 39% of these cases were imported. The majority of cases were from Indonesia; for example, 60 of the 80 cases in 2009 were in Indonesian migrant workers (37) . In this study, the majority of Indonesian isolates were recovered from Indonesian migrant workers in Taiwan. S. Typhi isolates were obtained in routine health examinations within 3 days after the workers entered Taiwan, and some isolates were recovered from typhoid carriers due to epidemiological investigation of typhoid cases. MDR S. Typhi and ciprofloxacin-resistant S. Typhi strains were noted in Surabaya, Indonesia, in 2008 (38) . However, 53 of the 55 Indonesian isolates characterized in this study were pan-susceptible ( Table 2) , and the majority were very clonal ( Fig. 1) , suggesting that a typhoid fever outbreak may have occurred at that time in the area from which the immigrant workers originated. Recently, typhoid fever cases in Taiwan have more often been linked to longterm S. Typhi carriers from Indonesia (39) . In this study, 5 genotypes were found in isolates from Indonesian workers and Taiwanese typhoid patients. The genotyping data suggest that the introduction of Indonesian workers into Taiwan has affected S. Typhi infections in Taiwan.
Conclusions. Almost all S. Typhi isolates from Taiwan and Indonesia are susceptible to all antimicrobials tested. Some isolates from the two countries share identical genotypic profiles, suggesting a close epidemiological relationship between migrant workers and typhoid patients in Taiwan. In contrast, the majority of S. Typhi isolates from Bangladesh and Vietnam are MDR and belong to haplotype H58, a prevalent MDR clone that has spread over all of Asia and Africa. In more than 50% of these MDR isolates from Bangladesh, the genes responsible for resistance reside on the chromosome. Among the S. Typhi isolates from Bangladesh, 82% and 40% were resistant to nalidixic acid and ciprofloxacin, respectively. Intensive surveillance is particularly required to monitor the spread of chromosome-mediated MDR and fluoroquinolone-resistant S. Typhi that has emerged in Bangladesh.
